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AERONAUTICS

CHARACTERISTICSOFFOURNOSEINIEI’SAS MEASUKEO

AT MAOHNUMBERSBETWEEN1.4AND2.0

By GeorgeB.Bm jnikoff andArthurW. Rogers

Thepressurerecovery,massflow,andaxialforceoffourbodies
noseinletsweremeasuredatMaohnumbersbetween1.4ad 2.0and

anglesofattackof0°,3°,6°,and9°. TheReynoldsnumbertasedon
themodelinletdiametersvariedbetween0.4and0.8million.Schlieren
photographsofmodelsat 0°angleofattackwereusedforcalculationof
theexternalwavedragresultingfromthebowshookwaves.

Thedragcoeffioientsofsxiallysymmetricdiffusersoyeratingat
themaximummass-flowrateswerecalculatedfromschli.erenphotographs
of theheadshockwavesandfrictionaldragconsiderations.Thecalcw
lationsshowedgoodagreementwiththemeasuredvalues.At reducedmass-
flowratiostheagreementwasonlyfair. Theresultsalsoshowthatthe
externaldragof-ULy s~etric ductedbodiesat 00angleofattack
canbe pedfctedtoa gooddegreeofaccuracyfromtheoretioalconsider-
ationsalone,iftheentranceflowissupersonicandthepointoftrap
sitio~oftheboundarylayerisknown.

In general,itwasfoundthatthendmimumaxial-forcecoefficient
oocurredwithmaximummassflowthroughthecliffuser,anda srtmll
reductioninthemassflowresultedina largeincreaseintheaxial-
forcecoefficient.At reducedmassflowstheeffectofmassflowonthe
total-pressurerecoveryofa diffuserwitha subsonicora supersonic
entrancewassmall.Changesinthea~”- cfattackfrom00 to 90ge-
erallycausedsmalldecreasesInthetotal-pressurerecovery.In all
oaseswhenthemaximmnmass-flowdecreasedwithincreasingangleof
attackthetinimumaxial-forcecoeffic?mtincreasedby a cmsiderable
emount.
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INTRODUCTION
*

me totaldragofa supersonicaircraftpropelledby a turbojetor
-.

a ramjetenginemaybe increasedappreciablyby an improperlydesigned
inductionsystem,particularlyinviewofthelargesizeoftherequired
airinletinrelationtothefuselage.Simultaneously,a loweffi-
ciencyofthesysteminrecoveringtherampressurereducesthethrust
availablefromtheengine.Toavoidsuchconsequences,a designermust
be abletoestimatethecharacteristicsofinletcotiigurationslikely
to satisfy’hisdesignrequirements.

Forthecasesof entirelysupersonicflowaroundaxiallysymmetric
cowlingstheexternalpressureorwavedragdueto inletscanbe dete~
minedtheoretically(references1 and2). Whensuchinletsoperateata
reducedmassflow,a transonioflowregionexistsaroundthelipofthe
inlet.andan entirelytheoreticalsolutionbecomesextremelydifficult.
In suchcasesitismostpracticaltoresortto experimentalmeasure+
mentsofthedragforceor toshadowgra~or schlierenpictures.Once
theshapeandlocationofthebowwaveareknown,it ispossi%leto
determinethepressuredrag%y themethodsofreferences3 and4. A

*—

fairestimateofthefrictionaldragofa uowlingat supersonicMach
numbersmaybe obtainedthroughapplicationofthepresenttheoriesfor
varioust~es ofboundarylayers(references5 to8),providedthatthe

r

locationofthetransitionregioniskncwx..andthereareno strong
adversepressurefieldsactingontheboundarylayer.Thepressure —
recoveryat supersonicspeedscanbe estimatedin casesoftwo-
dimensionaloraxiallysymmetricinletsreceivinglittleornoboundary
layerby themethodsofreference9,

FouraxiallysyhrmetrfcnoseinletshavebeentestedintheAmes&
by &inch supersonicwindtunnelinorderto providea basisforcompa~
isonwithscoopinlets.It isthepurposeOfthisreportto presentthe
characLerieticsofthesenoseinletsas determinedbyforceandpressure
measurementsandto comparethemwithvaluescalculatedby various
methods.SinceforcesweremeasuredInthedirectionof themodelsxis
only,theaxial-forcecoefficientsarepresentedinsteadofdragcoef-
ficients.Althoughaxialanddragcoefficientsaresynonymousonlyat
zero
sske

A

a

emgleofattack,
ofsimplicity.

dragsymbolswereusedforaxialforcesforthe

area,squarefeet

speedofsound,feet

SYMBOLS

persecond
—

$
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additivedragcoefficient(dueto diffusionaheadof entrance),
dimensionlessEI

‘or~g coefficient(.*)> ‘immiodess”
externalaxial-forcecoefficientmeasured’alongmodelaxis

(f)De— , dimensionless
q#re

c)
e-mwav~rag coefficient— , dimensionless
o%ef

externalforceactingalongmodelaxis(doesnot
flow&g orbasedrag),pounds

includeinternal

forceactingalongmodelaxis(doesnotincludebasedrag),
pounds

forceactingalongmodelaxisduetofrictionon externalmodel
surface,poumh

inletdiameterof cowling,feet

totalpressure,poundspersquarefoot

averagetotalpressureat surveystationweightedonareabasis~
poundspsrsquarefoot

lengthof subsonicdiffuser,feet

Machmuiber
()

v~ , dimensionless

mass-flowrate (PV-A),slugspersecond

mass-flowratio(ratioofmassflowingthroughthediffuser
to thatflowinginthefreestreamthroughan areaequal
tothatoftheflowareaat theinletstation,
‘* ),d-nsionless

static-pressurecoefficient

staticpressure,potis w

bodyordinate,inches

()P-TO, dimensionless
~

squarefoot

poundspersquarefoot
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Re
()
~’Reynoldsnumber ~ , dimensionless

v velocity,feetpersecond

z distancefrominletstationalongmodelaxis,feet

a angleofattack,degrees

7 ratioof speoificheatsforair= 1.40,dimensionless

v bi.nematicviscosity,feetsquaredyerseoond

P massdensity,slugspercubicfoot

Subscripts

o

1

2

3

4

base

ref

freestream

inletstation

diffuserexit

settlingchamber(rakestation)

outletstation(ohokedflow)

planesurfacenormalto
boundaryofthemodel

referencearea(frontal
feet

modelaxisandconstitutingtherear

areaofbodyexposedto stream),square

APPARATUS

Wind-TunnelandDrag

Thetestsofthisinvestietionwere

Balance

perfmd intheArms&by
8-inchsupersonicwindtunnel~ therangeofMachnumbersbetween1.40
and2.01. TheReynoldsnuaiberperfootoflengthwasapproximately8
millionat thelowestMachnumberandILmillionat thehighest.A
detaileddescri@ionofthetunnelanditsauxiliaryequlpmntispre-
sentedinreference10.

.-~—

—

.
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Figure1 showsthea~paratususedto o%tainsimultaneousmeasur+
mentsoftheaxialforoe,massflow~@ theyressurerecoveryof suye~
sonicdiffusers.As shown,a modelismountedona steelshellthat
floatsonthreerowsofbearingballsinsidea stationaryshellSUT+
portedby twostruts.Theforeandaftmotionoftheinnershellis
restrictedonlyby thestraingageusedformeasuringaxialforces.
Shroudshavingsomewhatsmallerforwarddiametersthemthebasesof
modelsprovidefairingbetweenthebasesofthemodelsandtheouter
shell.Theshroudsandthestationaryshellhaveorificesformeasuring
staticpressuresactingon thebaseof themodelandtheendsofthe
floatingshellsothatcorrectionsforthesepressuresbeingotherthan
thefree-streamstaticpressurecanbemade.,Insidetheinnershell,
whichservesas a sett~ngchamber,isa surveyrekeconsistingoffour
totalandthreestaticpressuretubes;thisrskecanbe rotatedfrom
outsidethewindtunnelthrough360°bymeansofa gem drive.Themass
flowthroughthemodelis controlledby a variableareaoutletconsish
ingofa stationaryringandan adjustableplugoperatedby a wedge-
drivesystem.Theringismountedrigidlyonthesurvey-rakeshaftso
thatthereisa clearanceof 0.005inchbetweenitsouterperipheryand
theinnershell.Thoughsuchan arrangementdoesnotallowreductionof
massflowto zero,itprovidesa meemsforvaryingtheflowratewithout
exertingadditionalpressureforcesontheinnershell.Measurements
witha modelat anglestothestreamdirectioncanbe madeatanglesof
3°,6°,and9°by at~c~% thebamce at thePro~er~le ~ re~tion
to thehorizontalstrutas showninfigure1.

MODELDESCRIPTION

Figure2 showsthemodelstestedandgivestheirpertinentdimen-
sions.Thefirstmodel,whichwasusedto detezminetheaccuracyof
forcemeasurement,wasa coneof 200 includedangle;ithadeightori–
ficeswhichwereusedto obtainthepressuresactingonthesurfaceof
theconeat thetimeofthedrag-forcemeasurementat 0°angleofattack.
Thetwooper+noseinletmodels,desi~ted A andB, hadthesameexternal
shape.Theent~ce sectionofmodelA wascylindricalfora lengthof
1.5diametersandwasfollowedhy a diffuserof constmtdivergence
angle.ModelB hada contractingentramcedesignedsothatsupersonic
flowthroughtheinletcouldbe establishedat~=1.60,accordingto the
relationsforan inviscid,on~imensionalflow. Thecontractionwas
followedby a shortconstant+areasection,thepurposeofwhichwasto . .
stabilizea swallowednormalshockwave. Thissectionwa.slocatedso
thatata freestreamMachnumberof 1.70theobliqueconical+hookwave
fromthecowlinglipwouldbe neutralized,iftheflowweretwo-
dimensional,by theexpansionwaveoriginatingat theforwardendof the
straightsection.Subsonicdiffusionwasaccomplishedbya passageof
constantdivergenceangle.
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ModelC wasa conical+hockdiffuserdesignedtohemlleapprox-
imatelythesamemassofairpersecomlata Machnu?iberQf2!.01asthe
ope~nosediffuserA at itsmaximumflow-ratecondition.ModelC hada
25°-semiangleconeanda oowlingwitha roundedliplocatedsothata
lineJoiningtheapexoftheconeandtheleadingedgeofthecowlmade
a h5°anglewiththemodelsxis.Thevariationof thediffuse~ea
rationormaltothem~flow directionisshowninfigure3. At the
designMachnumberof1.8thediffuserwasto operatewithan external
normalshockwave.Thismodelwasaboutone-eighththesizeofand
similartoa conical-shockdiffusertestedat theNACALewisLaboratory
inthe8-by &footsupersonicwindtunnel.
/
ModelD hada 30~emi.angleconeanda cowlingwitha sharplip

locatedona lineoriginatingat theapexof theconeandmakinga ~“
anglewiththemodelexis.ThemaximmnfrontalareasofmodelsC andD
werethesame,butmodelD wasdesignedtohandleapproximately0.7of
themassflowofmodelC inthetestrangeofMachnumbers.Theexternal
surfaceareaandlengthof cowlingD were55and&.6 percentofthose
ofmodelC, respectively,@ modelD hadsteeperanglesbetweenthe
externalsurfaceandthemodelaxis. The20°cone.thecentralbodies
(inletcones),and
estrunof lemlnar
Conditions.

thecowlingswerehighlypolish~dto ensurethe
boundarylayerpossibleundertheexistingtest

TESTME!THOIS

Instrumentation

Thetunneltotalpressure,thesurvey-rakep?essures,andthe

long-

base
pressuresweremeasuredona multiple-tubemercurymanometer.Dibutyl
phthalatewasusedtomeasurethedifferencesbetweentotalandstatio
pressuresregisteredby thesurveyrakeat 10W+?ELSSflowrates.The
totaltemperatureof theflowandthetemperatureofthestraingage
(usedforcorrectingthegagereatingsforthermalshift)weremeasured
,bythermocouplesregisteringthetemperatureonan indicatingpotentiow
eter.Measurementsofthesxialforceactingonthestraingagewere
obtainedintermsofdeflectionofa dyrmmicallybalancedgalvanometers
calibmtedforthegageinuse. Theflowaboutthemodelwasokmened
andphotographedthrougha schlierenapparatushavinga lmifeedgepar-
allelto thedirectionofthefreestresm..

Procedure

-.

--

.

Thewindtunnelwascalibratedwiththeaidofa rakeoffive
static-pressureprobestodeterminethestatic-pressuregradients

-~ ~
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existinginthetestsectionat thenominalMachnuribersettingsof
1.40,1.50,1.70,1.90,and2.01. Duringthecalibrationandthesub--
sequenttests,thetunneltotalpressurewasmaintainedbymanualcok
trel.within*0.1inchof’mercuryofthepreassignedvalue.In general,
thetestprocedurewassimilarto thatof reference10.

Thenumlerof pressureamlforcereadingsat a fixedmass-flowrate
anddifferentangularpositionsofthesurveyrekevariedfrom5 to 10,
dependingontheuniformityofthetotal-pressuredistributioninthe
diffuser.Thepressurerecoveryandthesxialforceweremeasuredfor
SIXmass-flowratiosat a givenMaohnumberandangleofattack;the
mass-flowsettingsweredecideduponduringthetestaftera preliminary
observationof therateofaxialforceandpressur~recoveryvariation
withtheoutlet+m?eachanges.

ReductionofData

9 Thetotal+ressureratio H&, as shownonthegraphs,isbased
ona valueofpitotpressureweightedaccordingtoarea. Thisaverage
valueof Hs& wasusedinall.calculationsinvolvingtotalpressure.

The mass-flowratiowascalculatedfromthefollowingrelation:

Thisequationwaaderivedon theassumptionthattheflowwasinviscid
andone-dimensionalinnature;withtheexceptionofa correctionfactor
C, thisrelationisidenticalto thatgiveninreference10. Thisfac-
tor.wasobtainedby testingope~noseinletsofvariousinletdiameters
operatingwithswallowedheadshockwaves.ThefactorC wasfoundto
be independentof smallcQpngesin thevelocityprofileat thesurvey–
rakestation.

Theexternalaxialforcewasdeterminedby subtractingfromthe
forcemeasuredby thebalsxmethesumof theforcesdueto (1)the
changeofmomentumandstaticpressureoftheinter~lflowfromthefree
stresmto therakestation,(2)thebasedrag,and(3)theforcedueto
buoyancy.Thebasedragforcesweretamedby pressuresotherthanthe
free-streamstaticpressureactingonthebaseof themodelandthe
floatingshell.Thebuoysmcyforoewasconsideredto equaltheinte-
gratedproductofthelocalincrementin thetmnnelstaticpressure. (existingbetweenthelocalandthereferencestationsintheabsenceof
a model)andthelocaldifferentialelementof externalsurfacearea
normaltothemodelaxis. Sincetheforcenormalto themodelaxiswasT notmeasured,onlythesxial-forcecoefficientsarepresented.At 0°
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angleofattacktheexternalaxial-facecoefficientsareequaltothe
externaldragccwfficientswhichincludethecowldraganddragdueto
diffusionaheadoftheductentrance.

AccuracyofResulta

Theaccmracyofthetestresults depended principallyonthetime
correlationaswellas theprecisionofthepressureandforcemeasur+
mentssinceinmanycasestheflowthroughthemodelwasunsteady.
Althoughtheforcereadingsand.thephotographsof themanometerboard
weretakensimultaneously,theUfferenceinresponseofthemeasuring
apparatusto changesinthemeasuredquantitiesintroducederrorsof
-tudes detemned%y thefrequencyandtheamplitudeofthevari-
ation.Theinaccuraciesduetothevariouscauses,togetherwiththeir
maximumcumulativemagnitudesestimatedintermsoftheextezmalaxial-
forcecoefficientofthemodeltested,aretabulatedasfollows:

I. Steady-flowconditions(verysmallandslowvariationinHo)
.

A. 20°cone

Sourceof error: *WD8
1.Manometerprecisionandlag.................. 0.002
2.Balancefriction..● .............,..● ...● .● ... .001

Maximumcumulativetotal................... 0.003

B. Diffusers

Sourceoferror: *AC%

1.Manometerprecisionandlag.................. 0.002
2.Balancefriction...............1............. .003
3. Internalflowmomentumestimate............. .003

Msximwncum_tivetoti.................. 0.008

II.At unsteadyfluwconditionstheaccuracyofaxial-forcemeasure-
mentswaepoor.

Figure4 shbwstheresultsofforcemeasurementsmadewitha 10°-
semiangleconesetat 0°angleofattack.Thisfigurealsoshowsthe
theoreticallypredictedvaluesoftheshock-wave,or pressure,dragtaken
directly from the tehles of reference11andthefrictionaldragas
estimatedonthebasisofthelow-speedskin-frictioncoefficientsgiven

%hemss-flow ratioestimatesarelellevedcorrecttokl-1/2percent.

—.

.

.

.
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inreference5,correctedforcompreseililityby themethodof reference
8, sndmodifiedforthethree+iimensionalfloweffectas suggestedin
reference12. Alltheturbulentski-frictioncoefficientswerecor–
rectedforcompressibilityusingtheproyetiiesofairat themodelsur—
faceas suggestedinreference7. It is evidentthattheexperimental
andtheoreticalpressur+dragcoefficientsagreedverywell,andthat
thetotalforedragoftheconeasmeasuredby thebalancealsoagreed
withintheexpectedaccuracywiththepredictedvaluesoftotaldrag
basedontheassumptionthattheboundarylayeron themodelwaslaminar.
Therepeatabilityandconsistencyof theresultsofdrag-forcemeasure
mentsindicatethatthedragbalanceperformedsatisfactorily.

K!XXJUZSANDDISCUSSION

Ope&NoseDiffusers

Thevariationofthetotal-pressureratioandtheexternalaxial–
forcecoefficientwithmss–flowratioofmodelA is showninfigure5
for0°angleofattackat threefre~treamMachnumbers.Withsuper–
sonicflowthroughtheinlet (ml/~=l.O),themaximumtotal-pressure
ratiosinthesettlingchenherofmodelA were0.93to 0.95ofthethe-
reticalrecoverythrougha normalshockwave. Largetransversepressure
gradientsas a resultoftransitoryseparationofflowoccurredinthe
diffuserwhenthearearatiobetweentllbexitandtheinletwasincreased
morethannecessaryfortheentranceofthenormalshockwaveintothe
inlet.Thisconditionwasunlfestedby thelargeerraticvariationsin
thereadingsofthesurveyrakeandwasresponsibleforconsiderable
scatteroftheforcedataat largearearatios.

Theexternalaxial-forcecoefficientofmodelA increasedrapidlyat
allMachnumberswiththeemergenceofthenormalshockto a position
aheadof theinlet;as themass-flowratiowasreducedto 0.9from1.0,
thecoefficientapproximatelydoubledinmagnitude.Unfortunately,the
wavedragofmodelsA andB operatingatmass-flowratiosbelow1.0could
notbe calculatedfromtheschlierenpicturesbecausethephotographsdid
notcovera sufficientlylargepartof theheadwave(seeappendix).

At mass-fl.owratioslessthanthemaxinmn,theportionofthedrag
duetodiffusion(theadditivedrag)canbe obtainedby themthod of
reference13. Thisadditivedragisacccmpniedby a changeinthepres-
suresontheexternalsurfaceof thediffuser(reference14). In the
presenttests,thesepressureswerenotmasuredand.thetheoretical
additivedragcoefficientsweresimplyaddedto theminimmndragcoef—
ficients.Thus,thedifferenceletweenthemsasuredandtheesttited
drag+risecurvesistheresultofneglectingthechangeinpressureon
thecowling,ofexperimentalad theoreticalinaccuracies,andpossibly
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ofa changeinthelooationof thebounda~-layertransitionregion.
However,figure5 showsthattheujor portionofthedmg risecanbe
predictedevenifthesefactorsareignored.

“

Figure6 showsthetotal-pressureratioandtheexternalaxfal-
force+oefficientvariationwithmass-flowratio,angleofattack,and
MachnumberformodelB. Themaximummass-flowratioat theMachnumber
of 2.4wasonly0.97becausethecontractionoftheentrancesectionwas
toogreattopermitthenormalshockwaveto entertheinletat that
speedorto rm.ainimide thediffuserat M. = 1.4 afterentryat a
higherMachnumber.Thetotal-pressureratiQ@ theaxial-forcecoef-
ficientofmodelB at theMachnmiberof 1.4 werenearlythesameas
thoseofmodelA forequalmass-flowratios.At a Machnumberof1.7
andhigher,theheadshockwaveenteredtheinlet.Itspositiondepended
entirelyonthestaticpressurein thesettlingchamberofthemodel,
anda hystereticvariationofthetotal-~ressureratiowiththemass-flow
ratiowasobserved.!l?hisis indicatedinfigure6 by a leakinthe
pressure+recoverycurvesat mL/~=1.O.Themaximumtotal-pressure
ratiosofmodelB were0.02to 0.04higherthanthoseofmodelA or
approximately0.95to0.98ofrecoverythrougha normalshockwave. At
equalmass-flowratiostheexternalaxial-forcecoefficientsofmodelsA
andB werenearlythesame.

Theeffectsoftheangleofattackonthecharacteristicsofmodel
B, as showninffgure6,weregeneral-small.Theexternalaxial-force
coefficientseemedto increasewla an increaseintheangle,butthe
datawereinconclusivebecausethemagnitudesofthemeasuredeffects
werecomparableto experimentalscatter.

Figure7 shmm thevariationof theminimumexternalaxial<orce
coefficientsofmodelsA andB withMachmxnberat 0°angleofattack;
italsopresentsthevaluesof thepressuredrag,as predictedby the
methodofreference1,andthelaminarandturbulentfrictiondragcal-
culatedfromthelow+peedskin-frictioncoefficientsof reference5. A
compressibilitycorrectionto theturbulentskin-frictioncoefficients
hasbeenappliedas suggestedinreference7,usingthepropertiesofair
at thecowlingsurface.TheMminarfrictioncoefficientswerecorrected
forcompressibilityusingthemethodofreference8. Thecalculations
weremadeontheassumptionthatthefrictionalforceon theexternal
surfaceof eachmodel(AaqdB)Wasequalto thaton a flatplateof
lengthandareaequaltothoseofthecowlings.

Theminimumexternalaxial-forcecoefficientsofmodelA showgood
agretwnentwiththepredictedvaluesofdragcoeffioi.entsatallMach
numbersexcept2.01.A plausibleexplanationforthehighvalueofthe
experimentalcoefficientat~=2.01isprovidedby theschlierenphot~
graphsoffigure8. A tildpressuredisturbancemaybe seenoriginating

—

—.

.

.
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onthemodelata stationlocatedapproximately().4 of themodellength
fromtheentrance at the higherMachnumber.Sincethisphenomenon
existedonlyat thehighestRe~lds nuniber,it isreasonableto assume
thatitwascausedbyboundary-layertransition.2Thedragcoefficient
calculatedontheassumptionof laminarboundarylayerexistingon the
modelup to 40 percentofthecowllength,andfullyturbulentlayer
fromthereon,agreesfairlywellwiththemeasuredvalue. (Seefig.7.)
Betteragreementwouldbe obtainedif theadditionalwavedragdueto
thepressuredisturbancewerenotneglected.It shouldbe notedthat
theReynoldsnumberbasedonthelengthof thelaminarportionofthe
boundarylayerisquitelowfornaturaltransition(Re=l.lkmillion).

As showninfigure7, theminimnunefiernalaxial-fmcecoefficient
ofmodelB at a Machnuniberof1.4wasalmostoneandone=f ttis that
ofmodelA. Theincreaseapparentlywasdueto thespillagearoundthe
cowlinglipcausedby theexternalnormalshockwave. At a Machnumber
of1.5,thehighervalueoftheminimumaxial-fmcecoefficientprevailed
whenoverspending(approachingthetesthhchnuniberfroma highervalue)
wasnotusedtoestablishsupersonicflowthroughtheinlet.Thelower
coefficientwasobtainedforthediffuserwhentheentrancevelocitywas
supersonic.At Machnumbersk excessof1.5theheadshockwaveentered
thediffuserwithoutoverspending,andthendnimumaxial-forcecoef–
ficientsofmodelB werecomparableto thoseofmodelA. Schlieren
photographsofmodelB revealthatat thefree+treamWch nuniberof2.01
transitionof theboundarylayera~am tohaveoccurredat thesam
locationas thatofmodelA andapparentlycauseda similarincreasein
theuasuredaxial-forcecoefficient. -

Conical-hockDiffusers

ThecharacteristicsofmodelC areshowninfigure9. Itwasfound
necessaryto increasethelowesttestMachnumberto 1.5inorderto
avoidchokingthetunnelwhenthemodelwassetat 9°angleofattack;
however,no difficultywasencounteredat%=1.4 for-0°.

ThegeneralcharacteristicsofflowthroughmodelC weresimilarto
thosethroughtheopen-nosediffuserswiththeexceptionthata region
offlowinstabilitywasencounteredwhenthemass-flowratioofmodelC
wasreducedbelowaboutthree-quartersofthemaximumpossibleat the
givenMachnumber.Thisconditionwascausedpossiblyby theinteraction

2Unpublisheddataof testsconductedintheNACAAmes1-by >foot super–
sonicwindtunnelandthesupersonicfree-flighttunnelshowthatmild
pressurewavesaregeneratedby thebourdarylayerundergoingnatural
transition.
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betweentheboundarylayerandtheshockwavesontheconeandthelack
pressureinthesubsonicdiffuser(seereference10),orby Internal
flowseparationat thecowlingwallresultingfromtheentranceofa

.

,velocitydiscontinuitysheetas suggestedinreference15.

Thetotal-pressurerecoveryat theMachnumberof1.50was0.95of
thatthrougha narmalshockwave;at~=2.01itwas10 percenthigher
thanthenormalwaverecovery.ThemaximumtotalTreasuremasuredin
thesettlingchamberofthismodelat~=1.90wasonly3 percentless
thanthatofthesimilarmmleltestedat theLewisLaboratory(M#.85)
atReynoldsnumbersfourandone-halft~s thatofmodelC. These
maximaoccurredat thesam mass-flowratios

Thevaluesoftheexternalaxial-forcecoefficientat 0°angleof
attackofmodelC wereaboutoneanda halftotwot~s thoseof
modelA,probablybecauseoftheadditivedragduetodiffusionahead
of theentrance,as discussedinreference13. Figure9 alsoshowsthe
externaldragc~fficientscalculatedfromtheschlierenphotographsby
themthod ofreference3,using an approximationsuggestedbyNucciof
theLangleyLaboratorytoestimatethedragdueto theouterportionof
thebowshockwave. (seereference16 orappendix.) !l%evaluesshown

.

werecalculatedusing K=l.O andincludethedragduetolaminar
frictioncalculatedonthebasisoflow-speedskin-frictioncoefficients

.—

(reference5)correctedforcompressibility(reference8).
.

ingeneral,theassumptionoflaninarboundary-layerflowresulted
ina fairestimateoftheexternaldrag(axial-forcecoefficientat
a=OO)throughtherangeoftestMachnumbers.atmaximummass-flowratios.
Thedragcoefficients,as calculatedf!romwavephotographs,oftheinlet
operatingat a reducedmassflowwerelowinallcases.Thedlscrepaucy
isprobablydueto theinaccuracyofcalculationcausedby insufficient
lengthoftheheadshockwavevisibleinthephotographs,as discussed
intheappendix.At a Machnumberof2.01,wheretransitionofthe
boundarylayerismostlikelyto occur(seediscussionofmodelsA and
B),andat a reducedmass-flowratiothedifferenceindragcoefficients
amountstothatwhichwouldbe causedby transitionat 0.6of the
cowlinglength,(Seeflg.9(c).) Thesumofthemlninmmexternalaxial-
forcecoefficientandtheadditivedragccwfficfent,as calculatedusing
reference13,isalsoshowninfigure9. Thisapproximationapparently
givesa fairestimateoftheexternalaxial-fcmcecmfficientat
moderatelyreducedmass-flowratios.

3Sincethemass-flowratiosasusedby theLewisLaboratoryarebasedon
theareafixedby theInletdiameterandnotflowarea,thenumerical.
valuesof ml/~ arenotidenticalunless.adjustedtoa commonrefer-
encearea.

mvimk&z-
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Theminimumexternal~ial<orcecoefficientofmodelC,as shown
infigure10,increasedfrom0.047at theMachnumberof1.4to 0.097
at%=1.7 andthendecreasedto0.083at~=2.01. Thistrendis co~
sistentwiththatstatedinreference13fortheadditivedrag(which
constitutesthemajorportionofwavedrag)whentheobsemationslisted
belowareconsidered:

1. At theMachnumbersbelow1.9,thenormalshockwaverermined
outsidetheinletat allmass-flowratios.

2. At andabovea Machnuniberof 1.9,thenormalshockwavewas
insidetheinletat themaximumflowcondition.

Figure10alsoshowstheminimumexternal~agoraxial-forcecoef-
ficientsat a==”ofthemodeltestedat theLewisLaboratory.It is
evidentthata fairagreementexistsbetweenthevaluesof externalwave
dragcoefficientsofthetwomodelsafterthefrictiomldragwassub-
tracted.(Seefig.10.) Thediscrepanciesmaybe duetotheexperi-
mentalinaccuraciesanddueto probableslightdifferencesinthelip
ratiiof thetwocowlings.Becauseof thesmallsizeofmodelC,a
smallerrorinthelipshapeduetomachiningmaybe responsiblefora
largeportionoftheobserveddifferenceintheminimumwav+ag coef–
ficientsatl&=2.010Theeffectsof lipshapearegreatestwhenthe
shapeaffectsthepositionof theentranceshockwaveas isthecaseat
maximumme-flow ratioswhenthefree+streamMachnuniberis sufficiently
high.

Variationsintheangleofattack(seefig.9) showeds?ualleffects
onthecharacteristicsofmodelC at lowerMachnumbers.It shouldbe
notedthatinthiscasethemaximummas~law ratiowasnotaffected
appreciably.However,whenthemass-flowratiodecreased5 percentfor
a=9°at M =2.01,thetotal–pressureratiodecreasedapproximately6
percentad theminimumaxial+orcecoefficientincreasedabout60per-
cent.

ThecharacteristicsofmodelD arepresentedinfigure11. Themsx–
imummass-flowratioofthisnmdelwaslargerthanthatofmodelC
becauseofa largerconeangle,a largeranglebetweenthemodelaxis
andthelinejoiningtheconeapexandtheleadingedgeofthecowl,and
a sharplip. Thetotal-pressureratiosofmodelsD andC werenearlythe
sameat thelowerMachnunibers;at MO-.O1 themaximumrecoveryof
modelD wasabout5 percentgreater.

Thedragcoefficientscalculatedfromschlierenphotographsusing
thesamemethodsas thoseusedinthecaseofmodelC alsoareshownin
figureIl. At largemassflowsthecalculateddragcoefficientsarein
fairagreementwiththemeasuredvalues.At allMachnumbersthe
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photographsshoweda smallerportionoftheheadshockwavethanwith
modelC,andthusthecalculatedvaluesofhag weresubjecttogreater
error.Thedragcoefficient(minimumplusadditive)as calculatedusing

“

reference13 seemstogivea fairestimtaofaxial-forcecoefficientat _
reducedmass-flowratios.

TheeffectsofangleofattackontheperfommnceofmodelD were
largethroughouttherangeoftestMachnunibers.Thelargesteffectson
themlnlmumaxial-forcecoefficientwereobservedat %=2.01. Foran
angleofattackchangefrcm0°to ~, themaximummass-flowratio
decreasedabout8 percentandcausedtheminimumforceccafficientto
increaseayproxmtely20percentandthemaximumtotal-pressureratio
todecrease8 percent.Thereasonforthelargedifferenceintheexter-
nalaxial-forcecoefficientsat reducedmass-flowratios(see~=1.70
curve,fig.11)isnotclearlyevident.

Thevariationoftheminimumexternalaxial-forcecoefficientof
modelD tiththeMachnumberisshowninfQure12. Thstrendis
similartothatofmodelC.

In comparingtheaxial-forcecoefficientsofthevariousmodels,
considerationshouldbe giventotheeffectsofboundary-layertransi–
tion. Transition,as indicatedby schllerenphotographs,islamwnto
haveoccurredonmodelsA andB at certaintestconditions.However,

.

thisnethodofdetectingtransftf(mis notextremglysensitiveandthere-
foreit ispossiblethattransitioncouldhaveoccurredontherearpor-

1

tionofanyofthemodelstestedwithoutbeingdetected.Sincethe
frictionaldragconstituteda significantportionofthe~asuredaxial
force,a changeinlocationoftransitionwouldhavehada pronounced
effectonthe?masuredforce-Thefrictionaldragwasnotmasured
directlyand,therefore,theshownvariationsoftheexternalaxial-

—

forcecmfficientswithmass-flowratioincludetheeffectsofchanges
intheboundarylayer.Thisfactmayberes~onsibleforatleastpart
of thedifferencebetweenthemeasuredvaluesofexternalaxial-force
coefficientatreducedmass-flowratiosandthosecalculated&cm
schlierenphotographs,sincetheboundaryl.a~rwasassuredtobe
laminar.

CONCLUSIONS

Theperfwmacecharacteristicsoffournoseinletswerenaasured
intheNACAAmes8-by 8-inchsupersonicwindtunnelatReynoldsnumbers
between0.4and0.8millionbasedontheinletdi~ters. Theinvesti-
gationwasconductedintherangeofMachnunibersbetweenl.~ and2.01
andledto thefollowingconclusions:
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1. Goodagreementwaso%tainedbetweenthemeasuredetiernal
“ axial-forcecoefficientsat 0°angleofattackandthecalculateddrag

coefficientsofdiffusersoperatingatmaximummass-flowratios.The
valuesofminimumwavedragobtainedfora conical+hockinletshowed
fairagremnentwiththosemeasuredinthe8-by 6-footsupersonictunnel
at theNAC.ALewisLaboratoryusinga similarmodelatReynoldsnumbers
fourandon-halftimeslarger.

2. Theexternalaxial-forcecoefficientsof theconiaal+hock
inletsusingall~xternalsupersoniccompressionwereaboutonead a
halftotwotimesthoseof theo~e~ose inletswithsu~ersonic
entrances.

3. Minimumexternalaxial-forcecoefficientsoccurredatnad.mum
mass-flowratiosandsmallreductionsinthemass-flowratiosconsider-
ablyin$reasedtheexternalaxial-forcecoefficientsofalltheinlets.

k. me surnoftheminimumexternalaxial-forcecoefficientsand
thetheoreticaladditiv-g coefficientsgavea fairestimateof drag
coefficientsof inletstestedat reducedJJEMS=J?1OWratios..

5. me effectsofanglesofattackonthepessurereccverywere
generallysmall.me etiernalaxial-forcecoefficientsincreased.
measurablywiththeamgleofattackonlyin caseswherethemxdmum
mass-flowratiodecreasedwithincreasingangle.

AmesAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

MoffettField,C!alif.
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AmENmx

EVALUATIONOFDRAGOFAKUUXY~C BODIES
.

FROMSHOCK+AVEPKOTCXXW?HS

Whenthespeedoftheflowarounda bodychangesfroma supersonic
velocityinthefreestreamtoa subsonicvelocityandthenaccelerates
toa supersonicspeedagain,themthe~ticqleqpatIonsthatdescribe
theflowbehaviarchangeinnaturefromhyperbolictoellipticandback
tohyperbolic*Sinceno knownanalyticalmthodsexistforsimultaneously
solvinghyperbolicandel.lipticdifferential equationswithIncomplete
loundaryconditIms, a laboriousmthod of~tchingindividualsolutions
mustbeused. 1~a photographofthebowwaveaheadofanaxiallyS-
utric bodyat 0“angleofattackis
determinedthroughuseofanyofthe

1. Integrationofthemomentum
infinitecontrolplanesas

available,thewavedragcanbe
folJowingthree?mthods: “

sndpressurechangebetweentwo
infigure13

2. Integrationoftheentropyriseacrossthebowshockwave

3. Integrationofthemomentumandpressurechangewithina closed
.

flowregionadJacenttothebody,thecomiltionswithinthis
regionbeingcalculatedby themethodof characteristics

Thesethreemethodshavebeenproposedinthereferenoescited
below.It isthepurposeofthisappendixtoreviewandfurtherclarify
theproceduresinvolvedby presentingderivationsanddetailedcomments
notgivenpreviously.

Thefirsttwomethodsrequireknowledgeoftheshapeofthewaveout
tothepointwhereitsstrengthIs zero,whilethethirdmethodrequires
onlytheportionofthewaveboundingthecharacteristicsnetendingat
therearofthebody. Sinceinpracticetheentirewavecannotbe
photographedduetophysicallimitations,an approximationmustbe used
toaccountforthedragcontributionoftheunavailableyortionofthe
waveinthefirsttwomethods;thustheaccuracydependsontheexactness
withwhichthedecayofthebowwavemaybe predicted.

Method1: Thismethodwasproposedandusedinreference3. A
schematicdrawingofa bodyanditsheadshockwaveisshowninfigure
13. Thebodyisassumedtohavea bluntnosefollowedby an infinitely
longcylindricaltiterbody,sothat,neglectingfriction,theentire
bodydragappearsinthedetachedbowwave. Consideringthecontrol

—

—

—

.
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surface e showninfigure13,
flowequationforthesumation
controlsurface:

where

Vn

p 00s(n,x)

u

n

oneoanwritethefollowingsteady-
offoroesinthe x directiononthe

cos(n,x)]ds = O (Al)

velooitycompoentnorml to thecontrolsurface

pressurecomponentinthe x direction

100alvelocitycomponentin the x direction

outward.normalto s

Withreferencetofigure13,equation(Al)nmybe rewrittenas

f’ @“c12-Po)2llydy+T
(Pu2+po)2fiqd~+

o r

(dragmeasuredfrcmp=o).0
or

J’
m

f

m

+x (%%2+PO)Y@ + 2X (pu2+Po) Vdq+
o r

J

r

f

r
(P-PO)2flrl@+

o
~ 2firldr== O

0
where

P localpressureon thebody

Sincethethirdintegralisthebody&g relativetothefree-stream
static)pressure,thelastequationmaybe solvedfordrag.

f

m

~=2Jt (P@02+Po)YdY-2fi
frrn(Pu2+Po)vd~

- poYcr2
o
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Thesecondfntegralmy bereplacedby thedifferenceoftwointegrals,
thefirstextending&a zeroto fnffnltyandthesecondfromzeroto r. ~
Thusoneab,tains

~ = 2X~m (Po~2@y - Pu’qdq)

Whsnthecontinuityrelatzo~betw8enthetwocontiolsurfaces
2@ou&dy = 2W3u@n

isapp~ed,thedragequationbeoomes

andtheentropyre?-atiou

(whereT/l.
respectively,

and p/p= arestatfc
acrosstlmhea~shook

- RZnL
k

temperatureandpressureratios,
wave)

.

equation(Ai?]canbewrittenas

[
~=4J”:l.

c1

(A3)
.
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where e is thelocalshockwaveangle(seefig.13),To and Ho
arefreestreamtotal(stagnation)tem~eratureandpressure,respec-
tively,sad T and H corres~ndto oonditi.onsimnediate~down-
streamofthewave.

Froma photographoftheflowa%outa bodyat a lmownMachnumber,the
valuesofwaveamgle e H be talnzlatedforcorresponding(y/r)
tis~ces, andthedragobtainedby graphicalinte~tionof equation
(A3).

,Methcd.2: Themethodof integrationof theentropyriseacrossthe
bowshocknve wasproposedin reference17 (equation(68)),from
whichthefolJowingexpressionis readily oMained:

(Ak)

This equation
rel.ationsinto

%W =

%

can

4

7h&Jo \H~r \r )

be transformby useoftheener~ andentropy

~2J”’”{r%’Bi”;:4’-*
[(7-l)w2f3in2 e +2 L

(7+l)~2sin% ]-]:.($) (A5)
Equations(A3) and (A5)em equivalentexpressionsforthewave

drag.

Mthod 3: Thedetermhatimofthebcdysurfacepresmmedistribu–
tionby themgthodof cheractaristicshasteenexplainedandusedin
references4 and16. Alth@ verylaborious,this~thod requiresa
pictureoftheshmk waveonlyextensiveenough to completm the char-
acteristicsnetto theb@y surface,Withsucha photograph,this
?&thcdismoreaccurabthanthefirsttwo.

Ofthethreenethod.s,thefirsttwohavepresupposeda pictureof
theentireshockwave,oratleastthatportionofthewaveacrosswhich
theentropychangessignificantly.Inpractice,however,suchan exten-
sivepictureofa shookwaveis@neralLyunobbinable.An approxima–
tionisthereforerequiredtoaccountforthedragcontributionof the
unavailableportionof thewave.

References18 and19 suggesta ~thcd forZtidingthepressuredrag
duetotheportionoftheheadshockwaveborderingthesubsonicregion
at tk noseofa bluntbody. Thismthod appr~tes theheadshock

a~
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wave by a hyperbolaae~totic toa free-streamMachwave. In orderto “
determineifa closeestimateofdragduetoa completeheadshockwave
couldbe obtainedthroughthismthd by erkrapolationofthehyperbola

+

to infinity,theheadwave&ragofa sphereat threeMachntierswas
computed.Theresultsshownh figure14 indicatepooragreemmtwith
masureuntsoftheactualforedragofspheres.Thediscrepancyis
probablyduetothefactthata hyperbolaapproximatestheshapeofthe
shockwavewellenoughonlyinthesectionborderingthesubsonicregion,
whiletheshapeoftheouterpertoftheshockwavedependslargelYon
theshapeofthebody. Sinceinthecaseofa spheretheshock-wave
curvaturechangescentfnuously,theuseofa hyperlolato obtainthe
entire pressuredragseemdreasonable.Thecurvatureofa shockwave
producedbya diffuserwitha subsonicentranceusuallydoesnotchange
continuouslyallalongitslength;thereforetheapplicationofa hyper-
boliccurveis invalidfor determinationofdragduetoa completewave.

Am approxlmtion,outlinedinreference16, isvaluablesinceIt
obviatesneedforknowledgeoftheoutermostportionofthewaveorthe
constructionofthecharacteristicsnet. Againreferringto fQure13,
fortheflowthrougha controlplane HA,withinthestreamtubebounded
by thestreamlinesEGF and JiBCIl13,thecontinuityequationstates

.

2q30uoydy= 2wxu)iLv
or

poUod(~) = pud(V2)

therefore

‘2=LV9 (~)d ‘F)+

(sinceq=r when y=o)

With uo/u givenaboveby the

Po—=
P

itfollowsthat

9
p Y2

energyequation,and
y-1

()

Ho ~
&= T

r =Jo
1+ (,-;.02[1-($)=]’

.

r=

= -—~,---

1
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J
where

Now,writingthesummationofforcesfortheregionHABCDEFGH,one
obtains

(A6)

% = (%)0+&Q [“($@)]=(Q+* [(?Y-(97
or

.

- = (’JO+%&[(92-w (A7)

where

K=
( )’
Q
PC)GF

where(C~)~ isthedragcoefficientobtainedby useofequation(A3)
or (A.5)far-theregionbetweenB and G. 2oint G
thelastvisiblepointontheshook+avephotograph,
ratioofthestaticpressureat sonepointalongthe
point G topoint F to PO.

Thevalueof K isknownonlyat thepointsG
streaniline,beinggivenat P.tntG bY theequat~n
risethroughan obliqueshockwave

(;)G‘[2’b2sin;:~‘7-U

is assumgdto be
and K isthe
streamlinefrom

and F alongthe
f’orthepressure

.

.
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andequaltounityatpoint F. Hencetheaveragepressureratio K
liesbetween(P/Po)G ad 1.0. Thechoiceof K = (p/po)G@3nerd.lY
result~inan ove~stimateddragccefficient,whilethechoiceof

K1=—2 1 1+(Pho )GJ
generallyyieldsanunderestimatedvalueof %’

Thefractionofthetotaldragtakenintoaccountby theapproximation
shouldbe smallifgoodaccuracyisdesirable.Thusthevalueof
(C~)o mustbe calculatedfora maximumspanofthebowwaveforbest
accuracy.

Beforeapplyingtheabovemethodstothecalculationofthedragof
diffusers,itwasdecided.to testtheprocedureon spheres,forwhichan
experimentalfor-g curveandexcellentwavephotographswereavail–
able.Figure14 showstheexperimentaldatafromreference20 andthe
calculatedvaluesofdrag.It is evidentthattheportionsofthehead
shockwavescontainedinthephotographsfromwhichthewavedragwas
calculatedwere insufficientforaccuratedeterminationofthedrag
coefficients.Sincethephotographsshowd thewaveshapesup to 15
sphereradiifromtheaxisofsymmetry,itmaybe concludedthatthe
visiblepartofthewavemustbe definitelyin excessof thisfigure.
Theindicateddifferencesbetweenthedragcoefficientscalculatedby
themomentummethod(equation(A3))andtheentropymethod(equation
(A5))areduesolelyto inaccuraciesin calculationsandmechanical
integrations.Theapproximationoutlinedinreference16,whenapplied
to thedragcurveoffigure14as calculatedby themomentummet.hcd,
yieldsa muchbetterestimateofthedragcoefficients.However,to
obtainthisagreementitwasnecessarytousefor K thefullvalueof
pressureratioacrosstheobliqueshockwaveat theextremey/r visible
onthephotograph.

Applicationofthemethodof characteristics,as outlinedinrefe~
ence4,totheflowarounda l-inch~iametersphereat a Machnumberof
3,provedunsuccessful.Thecharacteristicsnetcouldnotbe completed
fromtheshockwaveto thespherebecauseof extremelyslowconvergence .
of theMachnettowardthesphere.Theschlierenphotographsdf spheres
usedfordragcalculationsweretakenintheAmes1-by 3<ootsupersonic
windtunnelsNo.1 andNo.2.

ADDITIONAL

Theexperienceof calculating

CONSIDERATIONS

dragfromwavephotographsledtoa
fewobservationswhichmy aidinfuturework:

1. Thephotographofthewavemustbe clear,accurate,andexten-
sive,in excessof 15maximumbodyradiiifpossible.Shadowgraph

.

.

m
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pictureserepreferableto schlierenphotographsbecauseofbetterdef-
initionofthehead+ravecurvatureneartheleadingedgesof cowlings;
a small.errorintheapparentcurvatureof thewaveimmediatelyadjacent
to thelipofa cowlingof smallanglemayresultina largeerrorin
thecalculateddrag.

*

2. The fre~treamMachnumibernustbe accuratelyknown(fora
sphereat ~ = 1.520*0.004,~ =*o.ol).

3. Thepositionofthebodyshouldbe suchthattheheadwaveit
createsdoesnotinterseotanyotherpressuredisturbanceswhichmaybe
presentinthetunnel(e.g.,shockor expsmsionwavescreatedby tunnel–
wallimperfections,modelsupport,etc.).

4. Themethodsarenotapplicableto thecalculationofdragofa
bodythecross+ectionofwhichcontinuallyincreaseswithinthefield
ofview. In thiscase,a largeportionofthedragwouldhavetobe
estimatedby meahsoftheapproximationsuggestedby Nucci,andthe
errorin calculateddragcoefficientwouldbe large.

5. Abodyofrevolutionmayyawsl@htlywithoutdisturbingthe
_~Y oft~ ~tic~d kad shwk rive;consequently,thewaveaxisof
symmtryrathsrthanthebcdyaxisshouldbeusedas the x axis. The
calculateddragcoefficientmust& resolvedinsuchcasesinthedirec-
ticmofthebodyaxisto obtaintheaxial-forcecoefficient.
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33%jtion Orifices

0.550 le5
I.350 266

m“’

{o) 20 °cone with 8 static-pressure orifices .

L3/69~
l--t---+ I

(b) Model Ar Open-nosediffuser with a straight relet section,

k-if=+
[c) Model B.-Open-nosediffuser with contraction.

Note:Alt dimensionsore given in inches.

=5=
Figure2.— Model dimensions.
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&=49-
— —.

0,002lip rattus

f~) Model C.— Conica/-shock diffuserwith interns/ conhction.

1 I

4=46°
—

19=30”
Sharp lip

(e) Model D—Gon/ca/-s~ock diffuser
without interns/ contmctibn.

Sfaabn

0.:22
0.324
0.4CU
0.500
‘0.600
amo
a800
0900
I.000
1.100
12W
/.300
1.400
1.500

;470
2900
5400
3702
4560

ModelC ordinates

&9
a/5i
ar84
a2f2
a234
a252
a265
C?276
a284
a290
C!293
0284
a295
0295
a273
a238
a/97
0./53
0/2s
0./25

—
0323
a32/

a346
a361
0373
0384
a393
a400
a407
a413
a419
(2423
0427
Q409
0,398?
Q380
Q372
9,368
9368

,—

a323
a329
0.347
0.363
a377
0S89
a400
a408
0.417
0.423
W30
a436
0.440
0.444
0.453
0.466
a478
0.490
a498
0.521

Note:All rodii are given
normalto modelaxes,

All dimensions
are given in inches,

Model D ordinates

SPJtfxf

0.:72
0.300
0,350
0.400
0.5G0
0.575
a650
0,750
0.850
I,ooo
1.500
/900
2.000
2.057
2,500
2.918

R,

0.24
0.167
0/86
o./97
0.211
a2f2
0.210
a207
0204
0./98
0./76
0.147
0.137
0.125
0.125
0./25

—
0.282
0.290
0..304
0.3/2
0.322
0.327
0329
0Z8
0.328
0.326
a332
a350
0.360
0.368
0.368
0.368

RJ
—

0282
0.282
0.3/0
0L326
0354
a367
0.380
a395
0.408
C!426
0.472
a497
a501
a503
0.5/8
a521

. =&=’

—.

.

.
-.

—.

—

.

Figure2.- Concluded
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